chemistry, the application of photoelectrochemistry to analysis, as reported here, is based on the amperometric detection of tris(2,2'-bipyridine)ruthenium(lll) after its production from the corresponding Ru(ll) complex in an excited state and quenching by electron transfer. The Ru(lI) complex is detectable in concentrations less than 10-10 mol/L injected into a flow stream in 100 L.
because a molecule has some attribute (e.g., color, redox activity, unstable atomic nucleus) that allows its concentration to be measured. The degree of rarity of the various molecular attributes governs to a large degree the complexity of ancillary chemistry necessary to derive analytical information from the measurement of the physicochemical phenomenon of interest. For example, in the use of radioisotopes in immunoassay, the attribute possessed is the unstable nucleus and the ancillary chemistry is the antibody-hapten equilibrium.
The probability that a simple measurement of radioactive decay in a clinical sample will be useful is low, but with immunochemistry this probability becomes high.
In measurements of current use, the attributes that require the most complex ancillary chemistry to make their measurement analytically useful are those that are very common and those that are very rare. The phenomenon which we have been studying, excited-state electron transfer, is a rare event. The excited-state lifetime for a molecule excited-state lifetimes are less than about j_8 s, the excited state is not expected to react chemically with a species in solution unless the reaction is very fast and the concentration of the species reacting with the excited state is high. Consequently, excited-state electron-transfer reactions are rare.
We have been working with a system in which the photoactive molecules are tris(2,2'-bipyridine)ruthenium(H)
[Ru(bpy)32]
and its derivatives.' The techniques involving its use fall under the broad category of photoelectroanalytical chemistry (PEAC).
In photoelectrochemistry, optical energy is converted into electrochemical energy. The study of such systems has been pursued vigorously by several groups for applications to energy conversion (1-13). The molecular excited state is both a better reducing agent (the electron in the excited state is more weakly bound than when it was in the ground state) and a better oxidizing 
Ru(bpy)32
Ru(bpy)32 + Q -* Ru(bpy)3
The quenchers, various complexes of Co(ffl), have the advantage that the corresponding Co(fl) complexes are unstable; they rapidly form hex-aquo complexes upon reduction. Thus the general reaction given in equation 3, where R indicates an unreactive species, proceeds rapidly. In this case, there is no semi-permanent change in the solution upon photon absorption.
Q-*R
Thus, it is beneficial analytically if there is no thermal back reaction. The use of the Ru(bpy)32 in an analytical scheme is illustrated in Figure  1 , which shows the reaction paths taken by the ruthenium complex. Because we will bind the ruthenium complex covalently [through modification of a bipyridine ligand (4, 7)] to a species of analytical interest, therefore to measure the concentration of the ruthenium 
Materials and Methods

Apparatus.
The apparatus consists of a fluid pumping system, an injector, a degasser, a thermal bath, and a photoelectrochemical detector cell illuminated with a laser.
The pumping system uses a standard liquid-chromatography pump (Waters Associates, Milford, MA 01757, M-45, or Laboratory Data Control, Riviera Beach FL 33404, Constametric ifi) or a syringe pump. In the syringe pump, which was designed and built in-house, the liquid chromatography pump moves a Teflon plunger down the syringe barrel by filling the space behind the plunger with water. We also used a motor-driven syringe pump (Razel A-99; Razel Scientific Instruments, Stamford, CT 06907) during instrument alignment. Solvents to be pumped by the liquid-chromatography pumps were ifitered through 0.45-pm pore-size filter disks before use. The fluid stream is pumped through a low-
and then through a degasser built following the design of Weaver and Abrams (15) . Removal of oxygen is advantageous 
Reagents.
All water was de-ionized and passed through an activated carbon bed before distillation. Tris(2,2'-bipyridine)ruthenium (11) dichioride, purchased from G. MA 01923.
Tris(glycinato)cobalt(ffi) was prepared by the procedure of Mon et al. (17) , with glycine from Aldrich Chemical Co., Milwaukee, WI 53233. Salts, acids, and bases were obtained from Fisher Scientific Co., Pittsburgh, PA 15219. Control sera (Type 1-A, "normal," and Type 11-A, "elevated") were obtained from Sigma Chemical Co., St. Louis, MO 63178.
Procedure.
A typical procedure 
Results and Discussion
Sensitivity and Detection Limit
Our studies began with a quencher molecule known to quench irreversibly, with high efficiency, K3Co(ox)3, where If these were allowed to react, no Ru(bpy)33 would be formed photochemically, and there would be no analytical utility to this scheme. Unfortunately, the hydration of the complex leads to the formation of oxalate, itself a reagent capable of reducing Ru(bpy)33, thereby constituting interference deleterious to the signalgenerating process. Of other quenchers tested, some amino acid complexes of Co(HI) have also been found useful (details to be reported elsewhere). In particular the tris(glycinato)cobalt(ffl) complex [Co(gly)3] has proven valuable: unlike K3Co(ox)3, it is not photosensitive and has a quenching rate We have discovered, although we do not currently understand, one contributing factor to this nonlinearity.
If one pumps buffer only through the system, instead of buffer with quencher, then the calibration curve is linear (Figure 4) . With quencher in the flow stream, the data are more easily interpreted, so we have used this arrangement even though the signal-concentration relationship is nonlinear. The nonlinearity is less severe for thin channels than thick channels: for spacer thicknesses of 500, 250, and 125 m the slopes of the log signal vs log concentration curves were 0.59,0.75, and 0.85, respectively.
Selectivity
Because of the many electroactive species in the body, and because proteins adsorb onto electrode surfaces and limit electrode signals, it is a major challenge to detect selectively would have to be present in normal serum, which is not likely. The fourth type could be a problem, but is easily solvable by placing a reference photodetector behind the cell. If the light intensity-photocurrent relationship is reproducible, then any variations in the light intensity can be used to correct the photocurrent. We have not used such corrections to date. The fifth problem is a general one for amperometric detection in proteincontaining solutions, and we currently know of no good way to prevent this interference.
As an initial screen for the first two interferences (type 1 and type 2), we have used cyclic voltammetry.
A type 1 interference will yield a signal at the potential at which the detector is operated, and will be easy to see. A type 2 interference can also be identified by using cyclic voltammetry. The mechanism called the EC (catalytic) mechanism is one in which an electrochemical step (E) is followed by a chemical step (C) to yield the starting material:
If we let a type 2 interferent be symbolized by I (see Figure  1) then the above equations can be rewritten:
Ru(bpy)32 ..
Ru(bpy)33 (10)
The appearance of the cyclic voltammogram is altered when I is present. There is an increase in the anodic wave, because a molecule of Ru(bpy)32 may be oxidized at the electrode more than once. There is also a decrease in the cathodic peak 
For the interference to be of minimal influence we want the rate of Ru(bpy)33 disappearance to be less than some fraction a of the signal-producing rate. To convert equation Recall that the cyclic voltammetry is performed so that the peak for Ru(bpy)32 oxidation in the presence of I is twice the oxidation peak of Ru(bpy)32 without I. We can control this peak-height ratio by varying the sweep rate, v. complex; thus there are indeed type 1 and type 2 interferences present in serum. Table 3 lists the components of serum about which we were most concerned because of their suspected or known redox activity, their high concentration in serum, or their inclusion in common buffers. Particularly interesting is the finding that all the tertiary aniines we tested were type 2 interferents, yet no primary or secondary amine or amide interfered.
Interference by hydroxide was anticipated to be a problem at pH 7.4; however, as Figure 5a shows there is no noticeable catalytic wave from OW. The OW concentration is only on the order of i(Y7 mol/L, but because the system is well buffered a wave might be anticipated. A catalytic wave is observed in 0.1 mol/L NaOH. Table 3 ). Allscans were at 20 mV/s height for the oxidation of Ru(bpy)32 in the absence of I, then the compound I will interfere by lOOa% in a PEAC system operating with [Q]k5
Some results from a cyclic voltammetry survey of various potential interferents are shown in Figure 5 and various buffers. The results for the 50 nmol/L solutions are shown in Figure 6 (10 nnioI/L gave the same results). The photocurrent decreases as the pH increases, but not dramatically. It is possible that OH-type 2 interference is being seen, but this is not likely if one considers our results with cyclic voltammetry. The pH may affect the rate of hydration of the reduced form of Co(gly)3, and thus alter kj (see Figure  1) ; a decrease in kth would certainly decrease the photosignal. Close inspection of the peaks recorded in this experiment indicates that the pH 4.10 peaks have less tailing than the others, which certainly increases the peak height for the same concentration of Ru(bpy)32 injected. We conclude that pH has only a small effect near neutral pH.
Let us now consider type 1 and type 2 interferents in the analytical system. The type 1 interferent that will be the major problem in serum is uric acid, owing to its ease of oxidation and high concentration.
Because we cannot obtain kinetic data from the cyclic voltammetry in this case, we must investigate the analytical system directly. Our initial theoretical consideration of the selectivity of the cell led us to use a rather large channel height, which decreases the solution velocity through the cell. we used 0.4 mmol/L solutions of uric acid, which corresponds to an upper limit of normal in serum. The flow stream was Co(gly)3, 1.0 mniol/L, and acetate buffer, 0.1 mol/L, pH 5.0. At 0.250 V and a channel height of 500 tim, the presence of uric acid depresses the signal from Ru(bpy)32'. This is the expected result from a type 2 interferent.
The uric acid signal itself is small at 0.250 V and it is not a type 1 interferent at this potential. To remove the uric acid as much as possible so that the type 2 interference would be less of a problem, we simply increased the applied potential on the working electrode (to 0.500 V) to oxidize the uric acid and increased the efficiency of the cell by decreasing channel height (to 125 pm). This produced a larger amperometric signal and a reasonably large "blank" signal (i.e., uric acid and quencher). Results are shown in Figure 7 . The results for 3-Hz peak height vs [Ru(bpy)32] in the absence of uric acid show an almost linear relationship, the slope of the curve for log current vs log concentration being 0.85. The determination of Ru(bpy)32 in the presence of roughly aS x to i05 molar excess of uric acid is possible under these conditions with much higher accuracy than with the thicker spacer. Thus even though we have greatly exacerbated the type 1 behavior of uric acid (uric acid amperometric peak height -9 A; root mean square of ac photocurrent for 10 nmol/L Ru(bpy)32 -100 pA), the results are much more reliable than when there was little amperometric current from uric acid (a few nanoamperes at a 500-pm channel height, 0.250 V applied potential, whereas photocurrent from a 10 nmol/L solution of Ru(bpy)32 = 3 pA) because the type 2 interference is more pernicious, and avoiding it is more important than avoiding type 1 interference.
We do not currently understand why the photocurrent is apparently so strongly dependent on channel height. This is under investigation.
We have chosen oxalate as an exemplary type 2 interferent because it has a relatively rapid reaction rate with Ru(bpy)32.
The cyclic voltammetric data indicate that at a sweep rate of 100 mV/s the peak height of oxalate catalytic wave is twice the peak height of the Ru(bpy)32 alone at the same sweep rate; using equation 17 
